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Abstract
We investigated the sensitivity of embryonic murine neural stem cells exposed to 10 pM – 10 μM 
concentrations of three heavy metals (Cd, Hg, Pb), continuously for 14 days within 3D collagen 
hydrogels. Critical endpoints for neurogenesis such as survival, differentiation and neurite 
outgrowth were assessed. Results suggest significant compromise in cell viability within the first 
four days at concentrations ≥ 10 nM, while lower concentrations induced a more delayed effect. 
Mercury and lead suppressed neural differentiation at as low as 10 pM concentration within 7 
days, while all three metals inhibited neural and glial differentiation by day 14. Neurite outgrowth 
remained unaffected at lower cadmium or mercury concentrations (≤ 100 pM), but was completely 
repressed beyond day 1 at higher concentrations. Higher metal concentrations (≥ 100 pM) 
suppressed NSC differentiation to motor or dopaminergic neurons. Cytokines and chemokines 
released by NSCs, and the sub-cellular mechanisms by which metals induce damage to NSCs have 
been quantified and correlated to phenotypic data. The observed degree of toxicity in NSC 
cultures is in the order: lead > mercury > cadmium. Results point to the use of biomimetic 3D 
culture models to screen the toxic effects of heavy metals during developmental stages, and 
investigate their underlying mechanistic pathways.
Keywords
Neurotoxicity; heavy metals; neural stem cells; 3D cultures; mechanistic pathways
*Corresponding author at: Department of Chemical and Biomedical Engineering, Cleveland State University, Cleveland, OH 44115 
USA. Tel: 216-687-2562; Fax: 216-687-9220, c.kothapalli@csuohio.edu. 
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Disclosure Statement
The content is solely the responsibility of the authors and does not necessarily represent the official views of the National Institutes of 
Health. No competing financial interests exist.
HHS Public Access
Author manuscript
Toxicol Lett. Author manuscript; available in PMC 2017 February 03.
Published in final edited form as:














Environmental distribution, availability and bioaccumulation of heavy metals (ρ > 5 g/cm3) 
have been increasing rapidly after industrialization and agriculture revolution. While some 
of these metal ions (e.g., transition metals such as Fe, Zn, Cu) are essential for normal 
physiological metabolism in mammalian cells, a majority of them (e.g., Pb, Hg, Cd and As) 
are toxic even at minute concentrations (Matés et al., 2010). Since exposure to heavy metals 
cause oxidative stress which could affect the central nervous system (CNS) (Migliore and 
Coppedè, 2009), speculation of a strong correlation between elevated environmental levels 
of these metals and epidemiological increases in neurodegenerative disorders has been 
gaining momentum (Grandjean, 2013; Grandjean and Landrigan, 2006). An epidemiological 
review article published in 2006 identified lead, methylmercury and arsenic among the five 
industrial chemicals contributing to developmental neurotoxicity (Grandjean and Landrigan, 
2006). These toxic metals can mimic the role of various biomolecules required for routine 
homeostatic cellular functions, gain access to important molecular targets (Rana, 2008), 
compromise CNS signaling pathways, and finally result in permanent neurological defects 
(Rice and Barone, 2000). Numerous studies documented that the developmental 
neurotoxicity of heavy metals in animal models and humans occur at concentrations much 
lower than that deemed “safe” (Grandjean et al., 2010; Landrigan and Goldman, 2011; 
Needleman, 2000). Furthermore, prenatal exposure to heavy metals often has more adverse 
developmental effects compared to postnatal exposure (Annau and Eccles, 1986; Gottlieb, 
1983; Vorhees and Mollnow, 1987). For example, prenatal exposure to even low 
concentrations of lead, cadmium or mercury, as measured within amniotic fluid, has been 
shown to result in infant health deficiencies as well as impaired cognitive abilities (Lewis et 
al., 1992). Therefore, identifying the concentrations at which these heavy metals begin to 
induce damage in the CNS is critical to properly assess their role in the embryonic and fetal 
development. Furthermore, there has been a critical need to classify which among these 
environmental toxicants have a greater risk to human health, and therefore should be 
prioritized for further evaluation.
Given the permeability and vulnerability of the blood-brain barrier during fetal and infant 
stages (Needham et al., 2011; Zheng et al., 2003), numerous environmental toxicants could 
enter the developing CNS possibly via amino acid transporters to induce cellular and tissue 
damage (Ek et al., 2012). Neural stem cells (NSCs) are among such affected cells as they are 
highly sensitive to neurotoxicants compared to mature adult cells (Ceccatelli et al., 2010). 
NSCs are an important, self-renewing and multi-potent class of precursor cells in the 
embryonic, fetal and adult (e.g., subventricular zone, hippocampus) CNS, which can rapidly 
commit to specific neural and glial cell populations in response to various guidance cues 
(Gage, 2000; Pevny and Rao, 2003; Zhao et al., 2008). NSCs typically assume a quiescent 
phenotype until they receive exogenous signals from their microenvironment to proliferate, 
migrate or differentiate into a specific lineage (Clarke et al., 2000). For example, during rat 
embryogenesis, NSCs comprise almost half of the spinal neural tube cells, ~ 5-20% cell 
density within the telencephalon, and most of the cells within pre-migratory neural crest 
(Kalyani et al., 1998; Kilpatrick and Bartlett, 1993; Qian et al., 2000; White et al., 2001). 
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NSC population declines dramatically (≤ 1%) post-birth, highlighting the need for critical 
maintenance of non-toxic conditions during embryonic development (Temple, 2001).
A few recent studies investigated the toxic effects of cadmium, mercury or lead on NSC and 
neural progenitor cell (NPC) viability, proliferation, migration, and differentiation into 
various neural and glial lineages (Bose et al., 2012; Buzanska et al., 2009; Cedrola et al., 
2003; Chang et al., 2013; Gulisano et al., 2009; Guo et al., 2013; Huang and Schneider, 
2004; Kermani et al., 2008; Moors et al., 2009; Tamm et al., 2006; Watanabe et al., 2013; 
Xu et al., 2010). Some of these reports also identified the mechanisms and signaling 
pathways underlying the metal ion induced toxicity, leading to apoptosis and cell death. In 
lieu of expensive and time-consuming in vivo experiments, these studies provided valuable 
information on the susceptibility of these specialized cells, isolated from rodent or human 
CNS, upon exposure to varying concentrations of metal ions. Such a reproducible in vitro 
culture model also helps in simplifying the complexity and cellular heterogeneity of the 
developing CNS, and identifies direct response of NSCs to toxic metal ions. However, in a 
majority of such studies, NSCs were cultured on 2D (adherent or suspension) substrates, and 
tested for acute metal ion toxicity (24 - 48 h exposure). In contrast, NSCs in vivo could be 
experiencing continuous exposure of a broad range of metal ion concentrations, over 
extended periods of time, within 3D extracellular matrix microenvironments (Grandjean and 
Landrigan, 2006, 2014). Thus, to better mimic such conditions (e.g., metal exposure by food 
uptake), the objective of this study is to investigate the standalone effects of cadmium, 
mercury or lead on embryonic rat NSCs, within a 3D culture system, under continuous 
exposure to a wide range of metal ion concentrations, and over longer culture periods. We 
hypothesize that even sub-nanomolar concentrations of metal ions might influence NSC 
survival, behavior and phenotype in a time-dependent manner. The 3D biomimetic NSC 
culture model employed here might present an alternative tool for heavy metal 
neurotoxicology studies. Specifically, we evaluated the influence of metal types and 
concentrations on NSC survival, differentiation into various specific neural and glial 
lineages, as well as the neurite outgrowth, at regular time intervals during two weeks. The 
results were correlated to the key mechanistic pathways involved and inflammatory markers 
released by NSCs under such culture conditions.
2. Materials and Methods
2.1. Preparation of metal solutions
Stock Solutions (1 mM) were prepared for each metal (Alfa Aesar; 99% pure) by dissolving 
calculated amount of specific metal salt (CdCl2, HgCl2, Pb(CH3CO2)2.3H2O) in ACS 
reagent grade water (TraceSELECT® Ultra, Sigma). Lower concentrations (10 μM - 10 pM) 
of these metal ions were prepared by serial-dilution of the stock solutions with NSC 
differentiating media. Although a few studies have tested the effects of organic forms of 
heavy metals, we tested their inorganic counterparts in this study to minimize experimental 
variables, and exclude complex interactions between leached organic moieties and cells.
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2.2. NSC 3D culture
Two types of NSC media were prepared: one containing basic fibroblast growth factor (b-
FGF; non-differentiating medium) and the other without b-FGF (differentiating medium). 
Differentiating medium contained 100× L-glutamate, 100× N2 Supplement, 100× B27 
supplement and 100× N-acetyl cysteine in DMEM containing sodium pyruvate. Non-
differentiating medium additionally contained 10 μg/mL b-FGF. Embryonic murine NSCs 
(Neuracell, NY) were seeded on poly-L-lysine -coated flasks for 5 days until the formation 
of neural rosettes, which were detached using trypsin-EDTA, suspended in differentiating 
medium, and seeded within a reconstituted 2 mg/mL collagen hydrogel (rat-tail derived 
type-I collagen; 9.46 mg/mL stock solution; BD Biosciences) at a density of 10,000 
cells/100 μL. The differentiating medium containing various concentrations of metals ions 
was added to these hydrogels within respective culture wells. The metal-containing medium 
was replaced daily. Further details are available in supplementary methods.
2.3. Cell viability measurement
A LIVE/DEAD® viability/cytotoxicity kit (Life Technologies) was used to quantify the 
number of surviving cells within each culture condition (n = 6 wells/concentration/metal/
time point) as we explained earlier (Gishto et al., 2014). Experimental details are available 
in supplementary methods. To produce a conventional sigmoidal dose-response curve, the 
green fluorescence intensities of cells were normalized to the fluorescence intensity of 100% 
live cells (e.g., control cells exposed to no heavy metal ion) and then plotted against the 
logarithm of metal ion concentrations. The sigmoidal dose-response curves (variable slope) 
and IC50 values for each metal ion tested were obtained using the following equation:
where IC50 is the midpoint of the curve, H is the hill slope, X is the logarithm of test 
concentration, and Y is the response (% live cells), starting at Bottom and going to Top with 
a sigmoid shape. The IC50 value represents the concentration of a compound at which cell 
growth is inhibited by 50%.
2.4. Quantification of NSC differentiation
At the end of 7 or 14 day cultures (n = 6 wells/concentration/metal/time point), cell cultures 
were processed for differentiation analysis, as we detailed elsewhere (Kothapalli and Kamm, 
2013). At least 10 images were taken at random locations in each well, and the number of 
cells expressing TUJ1 (immature-neuronal-specific), GFAP (astrocyte-specific), MBP2 
(oligodendrocyte-specific), HB9 (motor neuron-specific) and TH (dopaminergic neuron-
specific) markers were counted (at least 300 cells per test case). Details are available in 
supplementary methods.
2.5. Neurite outgrowth measurement
NSCs cultured within 3D collagen hydrogels for varying durations (1, 4, 7 or 14 days; n = 6 
wells/ concentration/ metal/ time point) were stained with Alexa Flour® 488 Phalloidin 
(Life Technologies) for imaging and quantifying neurite outgrowth, as we detailed 
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(Kothapalli and Honarmandi, 2014; Kothapalli et al., 2011). Additional details are available 
in supplementary methods.
2.6. JC-1 mitochondrial membrane potential assay to assess mitochondrial function
Cell health in the presence of the three metal ions was assessed using a JC-1 mitochondrial 
membrane potential assay kit (Cayman Chemical Company, Ann Arbor, MI). NSCs were 
cultured in the presence (10 nM - 100 pM) or absence (0 μM; controls) of metal solutions for 
14 days as described above (n = 6 wells/ concentration/ metal), and the cultures processed 
with JC-1 staining solution as per vendor’s protocols. Cells were imaged using the Zeiss 
Axiovert A1 florescence inverted microscope, with healthy cells detected using a Texas Red 
filter and apoptotic cells detected with a FITC filter. Details are available in supplementary 
methods.
2.7. Cytokines/ Chemokines release by NSCs
Cell culture supernatant (100 μL/metal/concentration) pooled over the entire 14-day culture 
duration was frozen at −20 °C and analyzed using an multiplexing laser bead assay (Mouse 
Cytokine/Chemokine Array 31-Plex, Eve Technologies, Alberta, Canada). The following 
analytes were targeted: Eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, 
IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17A, IP-10, KC, 
LIF, LIX, MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNFα, VEGF and 
LIX. The analyte amounts detected in a 100 μL aliquot was pro-rated to the total volumes of 
supernatant collected in each respective case.
2.8. Hoechst staining to assess DNA damage
At the end of 14 day cultures (n = 3 wells/concentration/metal), live cells were stained using 
Hoechst 33342 in water (10 mg/mL dilution), using protocols described by vendor. Nuclei 
were immediately imaged using a Zeiss Axiovert A1 inverted fluorescence microscope 
(40×, DAPI channel, at least 40 nuclei per case). Details are available in supplementary 
methods.
2.9. SYTOX® Green assay for quantifying compromise in cell membrane
Cell membrane permeability in the presence of heavy metal ions was assessed using 
SYTOX® Green nucleic acid stain (Life technologies). SYTOX® Green has a high-affinity 
for nucleic acid and penetrates only cells that have compromised plasma membranes, 
emitting a bright florescent signal. At the end of 14 days (n = 3 wells/concentration/metal), 
live cells were processed as per the vendor’s protocol, and at least 10 images were taken at 
random locations in each well using an inverted fluorescence microscope (Zeiss Axiovert 
A1). The percentage of cells with compromised membranes was calculated by dividing 
SYTOX® Green positive cells by total number of cells in region as calculated from the 
seeding density.
2.10. YO-PRO®-1 assay to identify apoptotic cells
YO-PRO®-1 (Life technologies) is a proprietary carbocyanine nucleic acid which 
specifically identifies apoptotic cells via nucleic acid binding. Apoptotic cells are permeant 
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to YO-PRO®-1 but not to propidium iodide which stains dead cells. At the end of 14 day 
cultures (n = 3 wells/concentration /metal), live cells were exposed to the dye at 1 nM 
concentration, and incubated for 30 min (37°C, 5% CO2). Immediately post-incubation, at 
least 10 images were taken at random locations in each well using an inverted fluorescence 
microscope. The percentage of apoptotic cells was calculated in the same manner described 
previously.
2.11. Statistical analysis
All assays were repeated at least 3 times within three independent cultures (i.e., n = 18 
wells/concentration/metal/time point). The results are expressed as mean ± SEM. 
Comparison between groups was performed by the non-parametric Bonferroni-corrected 
Mann-Whitney U test. The following notation was used to indicate statistical significance of 
data compared to controls: * indicates p < 0.05, † indicates p < 0.01, ‡ indicates p < 0.001, 
and no notation for p > 0.05. For the SYTOX Green®, YO-PRO®-1, and Hoechst 33342 
staining assays, differences in data between various concentrations within the same metal 
type were deemed statistically significant for p < 0.05 and denoted by #.
3. Results
3.1. NSC survival
Embryonic murine NSC survival exposed to a wide range of metal concentrations was 
shown in Fig. 1. It could be seen that on day 1, there was no statistical difference between 
controls (0 M) and metal-supplemented cases at all concentrations, except at 10 μM 
concentration where a modest decrease in the cell survival compared to control was noted. 
By day 4, no significant differences were noted between controls and 10 pM to 1 nM metal 
supplemented cases, irrespective of the metal type. However, there was an overall dramatic 
decline in cell survival to less than 15% within 10 nM - 10 μM metal supplemented cultures, 
and with increasing concentration, for all the metals tested (p < 0.0001 vs. day 1 within 
respective metal types). Among the three metals, lead was more toxic at the same dosage 
level, compared to cadmium or mercury. The IC50 values for various culture conditions are 
shown in Table 1. These results suggest that higher levels (10 nM - 10 μM) of these three 
heavy metal ions are toxic to NSC survival even within a relatively short time frame (< 4 
days).
On day 7, there was no statistically significant difference in cell survival between controls 
and 10 pM to 1 nM metal ion supplied NSC cultures. Compared to day 4, for all the three 
metals tested, a significant reduction in cell survival was noted at 100 pM and 1 nM 
concentrations. At higher concentrations (10 nM - 10 μM), no quantifiable cell survival was 
noted for all the three metal types. By day 14, cell survival within control cultures was lower 
compared to that on day 1 or day 4 (p < 0.001 for day 14 vs. day 1 or day 4). Compared to 
day 7, a significant decrease in cell viability was observed at day 14 with increasing metal 
concentration (p < 0.001), irrespective of the metal type. By day 14, lead seemed to 
adversely affect cell survival at as low as 100 pM concentration (p < 0.0001 vs. 10 pM). 
From these results, we conclude that the toxic effects of these heavy metals increased with 
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increasing exposure time, and at any given time point, the cell viability is lower at higher 
metal concentrations.
3.2. NSC differentiation
NSC differentiation studies were performed at relatively lower concentrations (10 pM - 1 
nM) of metal ion solutions, as the cell viability decreased by more than 90% at 
concentrations higher than 10 nM. Representative immunofluorescence images for NSC 
differentiation into neural and glial lineages, on day 7, in the presence of low cadmium 
levels are shown in Fig. 2A. Quantitative data showed that by day 7, the expression of TUJ1 
marker was not significantly different from controls at 10 pM and 100 pM, but it 
significantly decreased at 1 nM (Fig. 2B). Similarly, compared to controls, cell 
differentiation into glial lineages significantly decreased at 1 nM on day 7, but no difference 
was noted at lower cadmium concentrations. For reasons unclear at this stage, NSC 
differentiation to neural lineage was significantly lower at day 14 compared to that at day 7 
at all concentrations tested (p < 0.01 for day 14 vs. day 7), although no such differences 
were noted within glial lineages (Fig. 2C). By day 14, compared to controls, differentiation 
to neuronal and oligodendrocyte lineages was found to be significantly lowered with the 
addition of 100 pM or 1 nM cadmium. In general, cadmium did not seem to significantly 
affect NSC differentiation to astrocyte lineage at the concentrations tested.
Quantitative data analysis of NSC differentiation within mercury or lead supplemented 
cultures (Fig. 3) suggests that TUJ1 expression was significantly affected at all the 
concentrations tested at both day 7 and day 14. Compared to controls, TUJ1 expression 
significantly decreased with time (p < 0.001 for day 14 vs. day 7) at all concentrations of 
mercury or lead. On the other hand, GFAP expression was suppressed only at 1 nM on day 7 
(Fig. 3A), and at both 100 pM and 1 nM mercury concentrations at day 14 (Fig. 3B). 
Similarly, although MBP expression decreased on days 7 and 14 within 1 nM mercury-
supplemented cultures, no significant differences were noted in glial lineage formation 
between days 7 and 14, at a given mercury concentration. Although GFAP and MBP 
expressions were significantly inhibited only at 1 nM lead concentration by day 7 (Fig. 3C), 
they were significantly suppressed in all the test cases by day 14 (Fig. 3D). However, no 
MBP staining was observed within 1 nM lead-supplemented cultures, at both day 7 and day 
14. On day 7, the presence of mercury or lead significantly suppressed TUJ1 expression at 
100 pM and 1 nM concentrations compared to cadmium. However, compared to cadmium, 
glial cell formation remained unchanged with the addition of mercury or lead, except for 
oligodendrocyte formation at 1 nM lead dosage. Among all the three metals tested, lead 
appeared to significantly inhibit neuronal and glial lineages formation (p < 0.01 for Cd vs. 
Pb; p < 0.01 for Hg vs. Pb, at all tested dosages).
3.3. Average neurite outgrowth
Figure 4A shows representative immunofluorescence images of neurite outgrowth within 
Cd-supplemented cultures, at selective time points. Quantifiable neurite outgrowth within 
controls and at lower cadmium concentrations was evinced at both days 7 and 14. Within 
control cultures, neurite outgrowth increased from day 1 to day 14, with significant increase 
in extension at every time point compared to earlier time points (Fig. 4B). On day 1, neurite 
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outgrowth was not significantly different between controls and Cd-receiving cultures (Fig. 
4B), at all the concentrations (10 nM - 10 μM). While 10 pM cadmium did not affect neurite 
outgrowth over the entire 14 day culture compared to controls, 100 pM inhibited neurite 
length only at day 4. However, at each time point, 1 nM cadmium significantly suppressed 
neurite outgrowth from day 4 to day 14, compared to controls or lower cadmium 
concentrations.
Similar to that noted within Cd-supplemented cultures, higher neurite outgrowth could be 
seen within cultures at lower mercury concentrations over the 14 days (Fig. 4C). On day 1, 
neurite outgrowth was significantly lower within 100 pM – 10 μM mercury-supplemented 
cultures compared to controls. A significant decrease in neurite outgrowth was recorded on 
days 1 and 4, when 100 pM mercury was added (p < 0.001 vs. 10 pM). In the presence of 1 
nM mercury, neurite outgrowth was significantly suppressed on all the days, when 
compared to controls or lower concentrations. No measurable neurite outgrowth was 
observed within 10 nM – 10 μM mercury-treated cell cultures on day 4 and beyond. The 
average neurite outgrowth increased by 2.4 to 5.2 fold between days 1 and 14, within 10 pM 
– 1 nM Hg-supplemented cultures.
Interesting trends in neurite outgrowth were noted within lead-supplemented cultures, over 
the 14-day culture period (Fig. 4D). When 10 pM lead was added, neurite outgrowth 
significantly reduced by day 1 compared to controls, then almost tripled by day 4 (p < 0.01 
vs. day 1), with no significant changes thereafter. When NSC cultures were exposed to 100 
pM lead, neurite outgrowth significantly decreased by day 1 relative to controls, then 
increased 2.5-fold by day 4 (p < 0.01 vs. day 1), but significantly decreased between days 10 
and 14 (p < 0.01 vs. day 4 within Pb-added cultures). In the presence of 1 nM lead, neurite 
outgrowth was significantly suppressed on all the days, when compared to controls or lower 
concentrations. The average neurite outgrowth within 10 nM – 10 μM lead supplemented 
cultures was between 8 – 12 μm. Similar to that noted within Cd- or Hg- additive cultures, 
no measurable neurite outgrowth was observed within 10 nM - 10 μM lead-treated cell 
cultures on day 4 and beyond. Nevertheless, the average neurite outgrowth increased by 1.7 
to 3.4 fold between days 1 and 14, within 10 pM to 1 nM lead-additive cultures. In general, 
neurite outgrowth within 10 pM - 1 nM lead- and mercury-supplemented cultures on day 14 
was significantly lower than that within Cd-exposed cultures.
3.4. Differentiation into motor neurons
NSCs were cultured for 7 or 14 days in the presence or absence of heavy metal ions, and 
stained for HB9 marker, which specifically identifies the presence of motor neurons in the 
neural cell population. In general, lower than 3% of the cells stained for HB9 at day 7 within 
controls, while 7% or fewer cells stained by day 14. On day 7, compared to controls, 
mercury and lead inhibited motor neuron formation even at 10 pM concentration (Fig. 5B, 
C), while cadmium had no significant effect (Fig. 5A). NSC differentiation into motor 
neuron lineage significantly decreased to less than 1% at 100 pM concentration by day 7, for 
all the three metals studied (p < 0.03 vs. 10 pM). Within 1 nM additive cultures for all the 
three metal ions, no HB9 positive cells were detected by day 7. On the other hand, 10 pM 
concentration of cadmium or mercury had no significant effect on motor neuron 
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differentiation at day 14, compared to respective controls. However, exposure to lead 
modestly inhibited motor neuron differentiation even at concentrations as low as 10 pM 
(Fig. 5C). At 100 pM to 1 nM levels, all the three metal ions significantly suppressed NSC 
differentiation into motor neuron lineage by day 14, relative to controls. It should be noted 
that motor neuron formation by day 14 is significantly higher than that by day 7 (p < 0.01), 
for these three metals at all the concentrations tested. Taken together, results show that NSC 
differentiation to motor neuron lineage could be affected upon exposure to heavy metal ions, 
even at as low as 1 nM concentration.
3.5. Differentiation into dopaminergic neurons
NSCs were cultured for 7 or 14 days in the presence or absence of metal ions, and stained 
for tyrosine hydroxylase (TH) marker, specific for identifying the presence of dopaminergic 
neurons in the neural cell population. NSC differentiation into dopaminergic neurons 
increased from day 7 to day 14 (Fig. 6), for the three metals at all the concentrations. While 
dopaminergic neuron formation was not affected at 10 pM dose, significant decrease at 100 
pM and 1 nM concentrations of all the three metals was noted by day 7 compared to control. 
Exposure to lead significantly inhibited dopaminergic neuron formation compared to 
cadmium or mercury, at all concentrations. By day 14, mercury and lead suppressed 
dopaminergic neuron formation even at 10 pM concentration, and all the three metals 
significantly inhibited dopaminergic neuron formation at higher concentrations (≥ 100 pM), 
compared to controls as well as 10 pM concentration within respective cases. It is worth 
noting that the percentage of NSCs differentiating into dopaminergic neurons is significantly 
higher than that committing to motor neurons, within each metal type (Cd, Hg, and Pb), at 
all concentrations tested (≤ 1 nM).
3.6. Mechanisms of action
Results so far attest to the deleterious effects of heavy metal ions (highly-dependent on the 
type and concentration) on NSC phenotype and functionality, and how such effects could be 
studied using 3D culture models. To elucidate the underlying sub-cellular mechanisms as to 
how these changes are manifested, we used qualitative and quantitative assays. Figure 7A 
shows representative immunofluorescence images of these cultures on day 14, when 
processed using JC-1 mitochondrial membrane potential assay to assess mitochondrial 
function. While the presence of intact mitochondrial membranes (red florescence) was 
pronounced within control cultures, progressive transformation to green florescence 
(disrupted mitochondria) was evident with increasing concentration of each metal from 100 
pM to 10 nM. Furthermore, compared to cadmium and mercury, exposure to lead appeared 
to promote significant compromise in mitochondrial membrane, even at as low as 100 pM 
concentration. These results were quantified based on co-localization of DAPI and red/green 
florescence (Fig. 7B). Compared to controls, cell density with compromised mitochondrial 
function significantly increased upon exposure to mercury and lead at 100 pM 
concentration, and all the three metals at 1 nM or 10 nM concentrations (p < 0.001 for 10 
nM vs. 1 nM or 100 pM).
Results from SYTOX® Green assay suggests that exposure to cadmium, mercury or lead at 
concentrations higher than 10 pM resulted in a compromise in cell membrane, compared to 
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that noted in controls (significance denoted by *, Fig. 8A). Higher concentrations 
significantly increased the number of cells with disrupted membrane compared to lower 
concentrations (significance denoted by #, Fig. 8A), irrespective of the metal type. At 100 
nM concentration, almost all the cells within cadmium or lead exposed cultures exhibited 
compromised cell membrane, significantly higher than that noted under mercury exposure. 
Similar results were noted from the YO-PRO-1 assay, which identifies apoptotic cells (Fig. 
8B). Evidently, at concentrations beyond 10 nM for cadmium, 100 pM for mercury, and 10 
pM for lead, significantly higher apoptotic cell density was observed compared to controls. 
Irrespective of the metal type tested, at least 80% of the cells were undergoing apoptosis-
induced cell death at concentrations beyond 10 nM. Finally, cells with damaged DNA were 
quantified using Hoechst 33342 stain (Fig. 8C). While lower concentrations (≤ 1 nM) of Cd 
and Hg did not significantly damage cellular DNA (except 100 pM Cd) relative to controls, 
dosages higher than 10 nM appeared detrimental to maintenance of healthy DNA. However, 
lead seemed to affect DNA even at as low as 100 pM concentration. In all the three metal 
cases, the concentration-dependent affects seem to be attenuated beyond 10 pM.
3.7. Release of cytokines/ chemokines
Figure 9 shows the cytokines and chemokines released by cells in the presence of various 
concentrations of cadmium (panels A, B), mercury (panels C, D) and lead (panels E, F). 
Panels A, C and E depict the analytes detected at relatively higher levels (≥ 5 pg/mL), while 
panels B, D and F show markers released at ≤ 5 pg/mL. Analytes that did not produce any 
significant signal were not shown here. It could be seen that the types and amounts of 
analytes released varied from metal to metal, and highly-dependent on the concentration of 
each metal. It was noted that TNF-α was released only in the presence of Cd and Pb but not 
Hg, and LIX (i.e., CXCL5) seems to have been released in significantly higher amounts than 
all the other analytes. VEGF release remained unaffected even in the presence of metal ions, 
and lead seemed to be stimulating the release of larger number and higher amounts of 
analytes compared to the other two metals.
4. Discussion
Post-embryogenesis, residual NSCs in the CNS (e.g., sub-ventricular zone, hippocampus, 
spinal cord) not only help in further development of nervous system after birth and during 
childhood, but also aid in limited repair post-injury or disease in the CNS. Thus, protecting 
the developmental cues that modulate survival and functionality of NSCs from 
environmental toxicants is crucial to maintain homeostasis and continued normal 
functioning of CNS. Although this study was designed to specifically investigate the effect 
of heavy metal ions on NSCs during differentiation process, our future studies will elucidate 
how these metal ions influence NSC behavior, pre- and post- differentiation. Results in the 
current study on embryonic murine NSC cultures within 3D collagen gels revealed that cell 
survival was quickly affected (within 1 - 4 days) at metal concentrations ≥ 10 nM, in 
agreement with that reported in prior studies. Thus, NSC exposure to inorganic metal 
complexes at lower concentrations (≤ 1 nM) induces a more delayed effect on NSC survival 
in vitro, usually by day 7 and beyond, for all the three metals tested.
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Due to the complexities associated with delineating toxicological mechanistic pathways in 
vivo, simple 2D cultures have long been utilized to categorize the specific nature and effect 
of environmental toxicants (Järup, 2003; Järup and Akesson, 2009; Peraza et al., 1998). 
However, recent studies suggest that cells cultured as conventional 2D monolayers differ 
markedly in their morphology, physiology, protein/gene expression, and metabolism from 
cells cultured in a 3D configuration (Haycock, 2011; Lee et al., 2008; Pampaloni et al., 
2007; Shamir and Ewald, 2014). Such 2D cultures inhibit formation of tissue-like structures 
by limiting intercellular contacts and integrin-mediated interaction with substrates, leading 
to loss of their phenotypic properties. To overcome some of these limitations and provide 
more physiological resemblance to neural cells in neurotoxicity studies, 3D cell cultures in 
hydrogels, polymeric scaffolds, and in 3D hanging droplets have been gaining traction.
Similar metal-induced cytotoxic effects have been reported by Culbreth et al. (Culbreth et 
al., 2012), who observed human NPC viability to reduce by 50% in the presence of 
cadmium, and mouse NSC viability to decrease by 50% with exposure to cadmium or 
CH3Hg (1 μM - 100 mM). Gulisano et al. noted that 10 μM CdCl2 stimulated human fetal 
olfactory neuroepithelium-derived neuroblast growth, while 100 μM CdCl2 reduced cell 
viability and induced apoptosis (Gulisano et al., 2009). Such Cd-induced neuronal apoptosis 
has been shown to proceed via the activation of mitogen-activated protein kinases (MAPK) 
and mammalian target of rapamycin (mTOR) signaling pathways, inhibition of which 
rescued cells from Cd-induced death (Chen et al., 2008). CdCl2 and CH3HgCl has been 
shown to inhibit human umbilical cord blood derived NSC survival at as low as 10 nM 
concentration, with CdCl2 being relatively more toxic (Buzanska et al., 2009). On the other 
hand, Xu et al. observed that the survival of rat embryonic cerebral cortex derived NPCs 
remained unaffected within 2.5 - 50 nM concentration of CH3Hg, but started to drastically 
decrease beyond 500 nM dosage (Xu et al., 2010). At lower concentrations (2.5 nM or 5 
nM), CH3Hg did not influence rat embryonic cortical NSC viability but reduced cell 
proliferation (Bose et al., 2012). Furthermore, primary embryonic rat cortical NSCs were 
more susceptible to toxic effects of CH3Hg (0.1 - 0.5 μM) compared to a murine-derived 
multipotent NSC cell line (Tamm et al., 2006). In similar studies, 0.01 - 100 μM lead has 
been shown to inhibit embryonic rat brain derived NSC proliferation, but not their viability 
(Huang and Schneider, 2004). Moreover, such effects were pronounced on striatum- or 
ventral mesencephalon- derived NSCs, but not on cortex-derived NSCs.
Epidemiological studies have shown that 0.01 – 0.22 μM levels of cadmium in blood 
induces neurotoxicity whereas 5.3 nM is non-toxic, and 2–11 μM levels of methylmercury 
chloride in blood is neurotoxic whereas ≤ 0.4 μM is non-toxic (Buzanska et al., 2009). Thus, 
it could be deduced that NSC (or NPC) viability is highly-dependent on the metal form 
(organic vs. inorganic) and types and concentrations, duration of exposure, species of origin, 
and region of the brain from which they are isolated.
Our study shows that dose-dependent Cd-induced inhibition of NSC differentiation into 
neural and glial lineages proceeds slowly over time (> 7 days), with relatively higher 
adverse impact on neural lineage formation. Unfortunately, there is a paucity of literature on 
the effects of cadmium on NSC differentiation in vitro. In one recent study, Gulisano et al. 
have shown that CdCl2 (10 or 100 μM) enhanced mRNA and protein expression of GFAP 
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and TUJ1 within human fetal olfactory neuroepithelial neuroblast cultures, and promoted 
differentiation into neuron and astrocyte lineages, in a dose-dependent manner (Gulisano et 
al., 2009). Interestingly, cell proliferation decreased dramatically with increasing 
concentration, and some of these cells simultaneously expressed both neuronal and astrocyte 
markers when treated with CdCl2.
Depending on the type of bio-functional substrate on which they were cultured, human 
umbilical cord blood derived NSCs have shown a considerable susceptibility in their 
differentiation to neural and glial lineages when exposed to CH3HgCl (0.0625 - 1 μM; 48 h) 
(Zychowicz et al., 2014). Similarly, 1 μM CH3Hg was shown to inhibit retinoic acid induced 
neural differentiation within human NSCs over a 48 h culture period, via induction of 
caspase-dependent apoptosis (Chang et al., 2013). Single doses of CH3Hg (2.5 or 5 nM) 
drastically inhibited neuronal differentiation of primary embryonic rat cortical NSCs (bFGF 
omission, 120 h culture) (Tamm et al., 2006), compared to controls under similar conditions. 
Huang et al. have shown that 0.01 - 10 μM lead significantly inhibited neuronal lineage 
formation within NSCs originating from striatum and ventral mesencephalon regions of 
embryonic rat brain, but not cortex (Huang and Schneider, 2004). Interestingly, the authors 
found that oligodendrocyte differentiation decreased whereas astrocyte formation increased 
regardless of the NSC origin, with increasing lead concentration. Our current study shows 
that mercury and lead, at as low as 10 pM - 1 nM concentrations, significantly suppressed 
neuronal differentiation from rat embryonic NSCs within 7 days of culture. Such 
neurogenesis inhibition further increased by day 14, with additional suppression of glial cell 
differentiation, compared to controls.
Quantification of neurite (axons and dendrites) outgrowth is one of the widely used 
endpoints to assess the role of toxicants on neurodevelopment in vitro (Carmeliet, 2003). In 
our study, no measurable neurite outgrowth was observed within 10 nM - 10 μM Cd-
exposed cell cultures from day 4 and beyond. This suggests that at higher concentrations, 
heavy metal ions not only contribute to cell death and compromise neuronal differentiation, 
but also inhibit neurite outgrowth of the surviving cells. However, the molecular mechanism 
by which this neurite outgrowth inhibition is modulated within NSCs needs further 
investigation. The average neurite outgrowth increased by 2.9 to 3.4 –fold between days 1 
and 14, within 10 pM to 1 nM Cd-supplemented cultures, suggesting that NSCs may be 
undergoing some intracellular compensatory mechanism to overcome the toxic effects over 
a period of time (Johansson et al., 2007; Pramanik et al., 2001; Xu et al., 2010), although 
this speculation needs further investigation.
Although 10 pM cadmium and mercury did not significantly affect neurite growth, 100 pM 
concentration of these two metals decreased neurite growth initially within the first four 
days, after which neurite outgrowth was restored to the values noted in controls. However, 
all the three metals appeared to influence the process of neurite outgrowth at 1 nM 
concentration and beyond. Thus, in cell cultures with heavy metal ions added in media, the 
degree of toxicity is in the order: lead > mercury > cadmium.
While the influence of cadmium, mercury or lead on neurite outgrowth within NSC cultures 
remains categorically unexplored, numerous earlier studies investigated their effect in 
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mature neuronal cultures (Audesirk et al., 1989; Cline et al., 1996; Davidovics and DiCicco-
Bloom, 2005; Pramanik et al., 2001; Radio et al., 2008; Radio and Mundy, 2008; Schneider 
et al., 2003; Spoerri et al., 1990; Sugawara et al., 1983) and assessed the role of these 
environmental toxicants on neuritogenesis in vitro under a broad range of culture conditions. 
In the current study, we note that neurite outgrowth was completely inhibited beyond day 1 
within NSC cultures at higher metal concentrations (≥ 10 nM), irrespective of the metal type 
(Pb, Cd, Hg), and neurite outgrowth steadily increased over time at lower Cd or Hg 
concentrations (≤ 100 pM). However, neurite outgrowth remained arrested beyond day 4 in 
the presence of low concentrations of lead.
Exposure to cadmium, mercury or lead in utero has been linked to poor motor functions in 
children (Bonithon-Kopp et al., 1986; Ceccatelli et al., 2010; Grandjean and Landrigan, 
2006; Schmidt, 1999) and in animal models (Chow et al., 2008). Numerous studies attest to 
the unique capability of mature motor neurons to uptake and retain mercury in their cell 
bodies in vivo (Arvidson, 1990; Pamphlett and Waley, 1996). Exposure to mercury, even at 
moderate levels, has been shown to impair motor skills in adult humans. However, it 
remained unexplored as to how these metal ions specifically influence NSC differentiation 
into motor neuron lineage. We here show that exposing NSCs to these three metal ions, even 
at as low as 100 pM, induced a significant suppression of their ability to differentiate into 
motor neuron lineage by as early as day 7.
The effects of mercury ions on neurodevelopment in vitro and in vivo have been well 
documented. Specifically, low concentrations of CH3HgCl has been shown to induce 
changes in dopamine release, degenerate dopaminergic neurons, subdue expression of 
neurotrophic factors necessary for dopaminergic neuron formation and maturation, suppress 
dopamine transport activity, induce cell death, suppress neurite outgrowth, induce 
cytoskeletal alteration and cell shrinkage, and promote formation of nuclei with chromatin 
condensation (Dare et al., 2003; Gimenez-Llort et al., 2001; Götz et al., 2002; Zimmer et al., 
2011). On the other hand, survival of rat E15 primary ventral mesencephalic dopaminergic 
neurons in vitro was significantly affected only at higher concentrations of lead acetate (1 or 
10 μM), although their neurite outgrowth was compromised even at very low concentrations 
(1 nM) (Schneider et al., 2003). Nevertheless, the role of these heavy metal ions on 
dopaminergic neuron differentiation from NSCs received less attention.
Our results show that NSC survival, differentiation and neurite outgrowth are strongly 
modulated by their exposure to heavy metals, over a wide range of concentrations. This led 
us to wonder which sub-cellular organelles were affected and compromised in the presence 
of metal ions, leading to the manifestation of these outcomes. Literature suggests that 
disruption of active mitochondria and changes in mitochondrial membrane potential, DNA 
damage, and compromise in cell membrane are some factors that could influence cellular 
phenotype, and might act as indicators of the early stages of apoptosis. Results from our 
assays conclusively suggest that 10 pM – 1 nM concentrations of these metals begin to 
mildly affect cellular organelles, and higher concentrations (≥ 1 nM) are significantly more 
detrimental and lead to cell death, possibly via apoptotic pathway. These outcomes also 
explain the compromise in neurite outgrowth and neuronal/glial differentiation noted within 
NSC cultures, at these metal concentrations. It is possible that multiple cellular organelles 
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could have been affected simultaneously, upon exposure to metal ions, leading to the 
observed changes in cellular phenotype. Further studies are needed to investigate the genetic 
level changes within these cells, upon exposure to a larger variety and dosage of heavy 
metal ion concentrations.
Methylmercury chloride has been shown to induce apoptosis within human umbilical cord 
blood derived NSCs at concentrations greater than 0.05 μM (Buzanska et al., 2009). On the 
other hand, methylmercury induced caspase-dependent apoptosis and autophagy in human 
NSCs within 48 h exposure at 1 μM dosage, via inhibition of Akt1/mTOR signaling (Chang 
et al., 2013). Although cadmium, methylmercury or lead did not activate caspase 3 or p53 
(indicators of apoptosis) in human fetal cortex neuroprogenitor cells, exposure to cadmium 
or methylmercury doubled apoptotic cells within embryonic mouse cortical NSCs (Culbreth 
et al., 2012). Tamm et al. have shown that at least 0.25 μM of methylmercury was required 
to induce significant apoptosis (~15%) within murine NSCs, while much lower dosages (≥ 
0.025 μM) were sufficient to induce similar levels of apoptosis within embryonic rat cortical 
NSCs (Tamm et al., 2006). Our results are in agreement with these studies, and suggest that 
metal ion concentrations as low as 10 pM are sufficient to induce significant alterations in 
embryonic NSC phenotype and mechanistic pathways.
Although how NPCs respond to various cytokines and chemokines is now known, the 
release of such molecules by these cells has received less attention. Human NPCs have been 
shown to express a variety of cytokines, although not all of them are released by murine 
NPCs (Klassen et al., 2003). Here, we quantified the various types of cytokines and 
chemokines released by murine NSCs, either stand-alone or in the presence of various 
concentrations of heavy metal ions. Interestingly, it was noted that among the cytokines and 
chemokines expressed in high levels by these cells in the presence of metal ions, LIX and 
MIP-1β are chemotactic chemokines, and GM-CSF is a major chemo-attractant cytokine. 
These markers were released in higher amounts in the presence of all the three metal ions 
tested. In contrast to our expectations that heavy metals might induce a large inflammatory 
response as part of neurotoxicity, the expression levels of inflammatory cytokines such as 
TNF-α, ILs and IFN-γ are quite low, albeit higher than that in controls. It is possible that 
some of these analytes such as LIX (CXCL5) might have been released as a result of 
downstream signaling or secondary effects induced by select cytokines and chemokines 
(e.g., ILs, TNF-α) primarily released in response to metal ion exposure (Chandrasekar et al., 
2003). We hypothesize that the release of such markers could be dependent on the 
developmental stages, and might be predominant at more advanced stages of CNS 
maturation (Camarillo et al., 2007).
5. Conclusions
Investigating the influence of environmental pollutants on NSCs during developmental 
stages is necessary to formulate guidelines for regulating systemic exposure levels of such 
toxicants in pregnant women, neonates, and children, and to assess their effects on pediatric 
neurodevelopmental disorders. This could be partially accomplished by developing scalable 
NSC-based in vitro assays to overcome the financially-prohibitive and time-consuming 
testing of environmental toxicants on developmental neurotoxicity in vivo. Although our 
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study is not comprehensive, such results in the long run would allow us to (a) associate 
observations on time- and dose- dependent cellular responses to a wide-range of toxicant 
types and exposure levels, (b) decipher the mechanistic effects on key signal transduction 
pathways, (c) correlate data from in vitro studies to in vivo and epidemiological studies from 
literature, (d) propose limits on exposure levels of these toxicants, (e) test neurotoxicity of 
selective high-risk pollutants in vivo, and finally (f) help formulate effective prevention 
strategies.
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• Toxic effects of Cd, Hg and Pb on embryonic rat NSCs investigated.
• NSCs exposed to metals within 3D collagen gels, continuously for 14 days.
• Exposure duration and metal dose influenced NSC survival, differentiation and 
neurite outgrowth.
• Observed degree of toxicity is in the order: lead > mercury > cadmium.
• Mechanisms by which metal ions affect cell phenotype investigated.
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Respective dose-response curves calculated for embryonic rat NSCs exposed to broad 
ranges of cadmium chloride (A), mercury chloride (B), or lead acetate (C), over 1 - 14 days.
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(A) Representative immunofluorescence images of NSC cultures at day 7, differentiating 
into neural (TUJ1 staining) and glial (GFAP or MBP staining) lineages, in the presence of 
10 pM to 1 nM cadmium chloride. Metal-free cultures served as controls. Cultures were 
counterstained with DAPI for cell identification. Scale bar: 50 μm. Blue dots indicate nuclei, 
green dots indicate neuron (TUJ1), pink dots indicate astrocyte (GFAP), and white dots 
indicate oligodendrocyte (MBP). Quantification of cells in each lineage was performed on 
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day 7 (B) and day 14 (C). * indicates p < 0.05, ‡ indicates p < 0.001, and no notation for p > 
0.05, compared to controls.
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Quantified data from immunofluorescence images of NSC cultures, at day 7 (A) and day 14 
(B), differentiating into neural (TUJ1 staining) and glial (GFAP or MBP staining) lineages, 
in the presence of 10 pM to 1 nM mercury chloride. Similarly, data was quantified from 
immunofluorescence images of NSC cultures, at day 7 (C) and day 14 (D), differentiating 
into neural (TUJ1 staining) and glial lineages, in the presence of 10 pM to 1 nM lead acetate. 
Metal-free cultures served as controls. * indicates p < 0.05, † indicates p < 0.01, ‡ indicates 
p < 0.001, and no notation for p > 0.05, compared to controls.
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(A) Representative immunofluorescence images of neurite outgrowth within NSC cultures, 
at 1, 7 and 14 day time points. Quantification of neurite outgrowth at each dosage of 
cadmium (B), mercury (C), and lead (D), performed at regular intervals over a 14-day 
culture. Cadmium chloride, mercury chloride and lead acetate were each added at 10 pM to 
1 nM dosage. Metal-free cultures served as controls. Scale bar: 50 μm. * indicates p < 0.05, 
† indicates p < 0.01, ‡ indicates p < 0.001, and no notation for p > 0.05, compared to 
controls.
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NSC differentiation into motor neuron lineage (HB9 staining), at day 7 and day 14, in the 
presence of cadmium chloride (A), mercury chloride (B), or lead acetate (C), at 10 pM to 1 
nM dosages. Metal-free cultures served as controls at each time point. * indicates p < 0.05, † 
indicates p < 0.01, ‡ indicates p < 0.001, and no notation for p > 0.05, compared to controls.
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(A) NSC differentiation into dopaminergic neuron lineage (TH staining), at day 7 and day 
14, in the presence of cadmium chloride (A), mercury chloride (B), or lead acetate (C), at 10 
pM to 1 nM. Metal-free cultures served as controls at each time point. * indicates p < 0.05, † 
indicates p < 0.01, ‡ indicates p < 0.001, and no notation for p > 0.05, compared to controls.
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(A) Representative immunofluorescence images of NSC cultures processed with JC-1 
mitochondrial membrane potential assay kit to identify cells (green) with disrupted 
mitochondria. Cell cultures were treated with lead, mercury or cadmium at 100 pM to 10 nM 
for 14 days. High density of healthy cells (red channel) could be seen within metal-free 
controls. Scale bar: 200 μm. (B) Quantification of cells with disrupted membranes within 
these cultures. * indicates p < 0.05, † indicates p < 0.01, ‡ indicates p < 0.001, and no 
notation for p > 0.05, compared to controls.
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Quantification of mechanisms by which various concentrations (10 pM – 100 nM) of heavy 
metal ions were influencing NSC cultures, over the 14-day culture period. (A) The 
percentage of cells with a compromised membrane was quantified using SYTOX® Green 
assay. (B) The percentage of cells committed to an apoptotic pathway was quantified using a 
YOPRO® assay. (C) Hoechst 33342 staining was used to quantify the cells with damaged 
DNA. Outcomes from each assay were compared to that noted within controls (0 M). * 
indicates p < 0.05 vs. controls. Differences in data between various concentrations within 
the same metal type was deemed statistically significant for p < 0.05 and denoted by #.
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Amounts of various cytokines/ chemokines within NSC cultures exposed to cadmium, 
mercury or lead were quantified using a multiplexing laser bead assay (Mouse Cytokine/
Chemokine Array 31-Plex). Respective supernatants (100 μL/metal/ concentrations) pooled 
over the entire 14-day culture duration was analyzed and compared to metal-free controls. 
Metal dosage was varied between 0.01 – 100 nM. Panels A, C and E depict the analytes 
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detected at relatively higher levels (≥ 5 pg/mL), while panels B, D and F show markers 
released at ≤ 5 pg/mL.
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Table 1
IC50 values (pM) of heavy metals tested on rat NSCs. N.T denotes nontoxic at the test concentrations.
Heavy metal ions
tested
Incubation time with heavy metals
1 day 4 day 7 day 14 day
Cadmium N.T. 4550 698 240
Mercury N.T. 4370 330 90
Lead N.T. 4090 574 60
Toxicol Lett. Author manuscript; available in PMC 2017 February 03.
